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ABSTRACT 


The  first  four  harmonics  of  the  diurnal  lunar  varia¬ 
tion  and  the  semimonthly  lunar  tide  for  two  years  TEC  data  at 
Ebro  and  Hamilton, and  for  some  other  ionospheric  parameters 
at  Ebro  have  been  obtained.  For  the  parameters  with  sufficient 
number  of  data,  the  lunar  harmonics  for  the  different  seasons 
have  also  been  obtained.  The  relation  between  the  dirunal  lu¬ 
nar  variation  of  the  height  and  the  electron  density  of  the 
maximum  of  the  F2  layer  seems  to  be  solar  dependent  with  a 
change  of  the  phase  at  about  1000  SLT.  The  diurnal  solar  varisa 
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INTRODUCTION. 


In  a  previous  report  (Alberoa  et  al.  1980)  the  total  elec 
tron  content  (TEC)  data  of  Hamilton  (sufcibn.  38.7®  N,  70.76  W) 
corresponding  to  1976  and  the  data  of  the  Faraday  rotation  of 
1978  of  Ebro  Observatory  (subion.  37. I2  N,  1.52  W),  were  ana- 
lized  by  the  Chapman-Miller  method  as  described  by  Malin  and 
Chapman  (1970)  in  order  to  obtain  the  lunisolar  tidal  compo¬ 
nents  in  both  stations.  Also  the  semimonthly  lunar  tide  and 
its  solar  diurnal  variation  at  these  two  stations  were  obtai¬ 
ned.  The  results  show  the  need  of  extending  the  analysis  to  a 
larger  ammount  of  data  to  reduce  the  calculated  errors. 

In  the  present  report  we  shall  apply  the  Chapman-Miller 
method  to  the  data  of  two  years  of  the  same  stations :l975-76 
of  Hamilton  (Kindly  supplied  by  Dr.  Klobuohar)  and  1978-1979 
of  Ebro.  We  shall  analyse  also,  by  the  same  method,  the  1979 
data  of  the  critical  frequency  of  the  F 2  layer  (foF2),  the 
"parabolic  height"  of  the  F2  layer  (hpF2),  the  electron  den¬ 
sity  of  the  maximum  of  the  F2  layer  (Nm=1.24*F2»*2)  and  the 
slab- thickness  (  r  *  TEC/Nm),  and  we  shall  compare  the  re¬ 
sults  obtained  for  these  four  parameters  with  those  of  the 
TEC  for  the  same  year. 

RESULTS  AND  DISCUSSION 

SEMIDIURNAL  LUNAR  VARIATION. 

Total  Electron  Content. 


The  amplitudes  and  phases  of  the  solar  and  lunar  components 
of  the  TEC  daily  variation  for  two  years  at  Hamilton  and  Ebro 
are  given  in  tables  I  and  II.  The  data  of  Hamilton  correspond 
to  the  1965-1976  periods  and  the  data  of  Ebro  to  1978-1979*  The 
probable  error  and  percentages  of  the  amplitudes  with  respect 
to  the  mean  value  of  the  data  considered  in  each  analysis  are 
also  given.  The  analysis  has  been  done  for  all  data  taken  to¬ 
gether  and  for  the  data  distributed  in  three  seasonal  Winter* 
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Table  I.  -Solar  and  lunar  component*  at  Obaervatorio  del  Ebro  for 
TEC  data  of  two  years  (1978-1979). 
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Table  II.  -Solar  and  lunar  components  at  Hamilton  for  TEC  data  of 
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equinoxes  and  summer.  No  previous  filtering  of  data  has  been 
performed  and  the  only  data  rejected  are  those  belonging  to 
days  in  whioh  at  least  one  hourly  value  is  missing.  The  number 
of  days  included  in  each  analysis  is  also  given  in  the  tables. 
The  amplitudes  and  phases  of  the  lunar  components  of  the  ta¬ 
bles  are  those  of  the  equation 

h 

L=  <1  ln  sin((n-2)t  +  2t*An) 

where t and  “r“  designate  respectively  solar  and  lunar  time. 

As  compared  with  the  results  of  the  previous  report,  the 
present  results  show  a  diminution  of  the  probable  error  (as 
expected)  in  practically  all  harmonica,  indicating  a  better 
accuracy.  Only  in  two  cases  the  errors  have  increased  a  little, 
and  both  oases  correspond  t6  winter t  the  2nd  harmonic  of  Hamil 
ton  and  the  4th  harmonic  of  Ebro.  In  these  two  cases  also  the 
solar  errors  increased.  We  can  say  that,  as  a  whole,  the  luni^ 
solar  results  of  Ebro  show  an  improvement,  particularly  in  equi 
noxes  where  the  second harmonic  is  now  significant.  The  results 
of  Hamilton  on  the  contrary,  are  less  satisfactory,  because  not 
only  the  error  but  also  the  amplitudes  of  the  different  harmo¬ 
nics  have  diminished,  causing  some  of  them  to  become  not  signi¬ 
ficant,  as,  for  instance,  in  winter  when  no  harmonic  remains 
significant.  An  ulterior  stndy  of  the  data  (particularly  those 
of  1975  that  probably  have  some  discrepancies  with  the  original 
ones)  is  needed  to  determine  the  cause  of  these  results.  Never¬ 
theless,  the  results  are  consistent  with  the  ones  found  for  a 
year  in  the  sense  that  most  of  the  harmonics  found  with  data  of 
a  year  remain  within  the  probable  error  circles  of  the  corres¬ 
ponding  harmonics  found  with  data  of  two  years. 

The  results  found  in  the  previous  report,  indicated  that  the 
lunisolar  harmonics  of  Ebro  in  equinoxes  were  not  significant 
and  we  suggested  that  the  cause  of  it  oould  be  the  change  of 
possition  of  the  focus  of  the  dynamo  ionospheric  currents.  Since 
the  present  results  show  that  the  second  harmonic  of  Ebro  at 
equinoxes  is  significant,  this  oonolusion  has  to  be  revised. 

In  fig.  1  the  harmonio  dials  of  the  lunisolar  components 


Fig.  1.  -  Lunar  harmonics  for  TEC  data  of  two 


years 
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of  Ebro  and  Hamilton  are  shown  for  comparison*  As  can  be  seen 
the  second  harmonic  of  Ebro  ia  rotated  olookwise  a  little  mo¬ 
re  than  30fi  (that  corresponds  to  lhr)  with  respect  to  the  se¬ 
cond  harmonio  of  Hamilton*  With  the  data  of  only  a  year  (of. 
Alberoa  et  al*  1981)  the  rotation  was  a  little  less  than  30S, 
The  other  significant  component  of  Ebro  is  the  third  one.  It 
is  also  rotated  clockwise  with  respect  to  the  one  of  Hamilton, 
although  the  rotation  is  less  than  309  and  the  difference  of 
amplitudes  are  much  bigger  than  in  the  case  of  the  second  hS£ 
monic*  The  other  two  harmonics  are  significant  in  Hamilton 
but  not  in  Ebro.  The  first  ones  are  rery  near  from  each  other 
but  the  fourth  ones  are  almost  in  opposite  phase. 

Taken  the  phase  as  the  time  at  which  the  maximum  varia¬ 
tion  occurs,  as  many  authors  do,  the  phase  of  the  second  har¬ 
monic  at  Ebro  oscilates  between  lOhrs  in  summer  and  llhrs  in 
equinoxes,  while  at  Hamilton  it  changes  from  8.5hrs  in  winter 
to  lOhrs  in  summer.  These  results  are  in  agreement  with  the 
values  found  by  other  authors  for  the  lunisolar  variation  of 
feF2  and  NmP2.(0fr.  Matsushita, 1967,  Handa,1978,eto.). 

Comparing  the  amplitudes  of  the  second  harmonio  for  the 
different  seasons,  we  find  that, at  Ebro,  the  amplitude  is  lar 
ger  in  winter  than  in  summer,  (in  agreement  with  Shatten  and 
Mendillo(1960))  reaching  an  intermediate  value  in  equinoxes. 

In  Hamilton  the  maximum  value  is  found  in  equinoxes  and  the 
minimum  one  in  winter.  Matsushita(1967)  reports  results  of  so¬ 
me  midlatitudes  stations  where  the  amplitude  of  the  second 
harmonio  of  foF2  is  greater  in  summer  than  in  winter,  in  agre 
ement  with  the  result  of  TEC  in  Hamilton. 

The  differences  of  the  amplitude  of  the  second  lunar  harmonio 
between  winter  and  slimmer,  confirm  the  results  obtained  with 
the  data  of  one  year. 

Comparison  with,  other  Ionospheric  parameters. 

The  results  for  the  year  1979  in  Ebro  of  the  Faraday  angle 
(proportional  to  TEC),  the  critical  frequency  of  the  F2  layer 
(foF2),  the  electron  density  of  the  maximum  of  the  layer  (Km), 
The  "parch* lie  heigth"  (hpF2)  and  the  slab-thlokness  (T)  are 
■L  lr  sables  III-VI,  The  results  of  the  analysis  of  hpF2 
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Table  III.  -Solar  and  lunar  components  at  Observatorio  del  Ebro  for 
TEC  data  of  1979. 
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and  ~c  by  seasons  have  been  emitted  because  of  the  snail  num¬ 
ber  of  data  involved* 

As  can  be  seen, the  results  of  foF2  and  Km  are  very  similar, 
therefore,  we  shall  discuss  the  results  of  Nm.  We  shall  use  the 
results  obtained  for  foF2  only  when  comparing  with  authors  that 
analyse  this  parameter. 

The  second  lunisolar  harmonics  of  Km  and  TEC  are  always 
significant  exoept  in  summer,  when  only  the  third  harmonics  are 
significant.  The  third  harmonics  of  both  parameters  are  also 
significant  when  the  data  of  the  whole  year  are  taken  together* 
There  are  two  harmonics  that  are  significant  in  TEC  and  not  in 
Km,  the  third  harmonic  of  winter  and  the  first  one  in  equino¬ 
xes*  Nevertheless  the  phases  of  these  two  harmonio  of  Km  are 
very  near  to  the  corresponding  oner  of  TEC*  For  an  easier  compa 
rison  of  the  results  of  the  two  parameters,  the  dials  of  the  lu 
nar  harmonics  are  shown  in  figs.  2-4  •  The  dials  corresponding 
to  summer  have  been  omitted  because  of  their  small  significan¬ 
ce.  As  can  be  seen,  all  significant  harmonios  and  most  of  the 
non  significant  ones  are  very  similar  and  practically  all  the 
harmonics  of  a  parameter  are  within  the  error  circle  of  the  so 
rresponding  harmonic  of  the  other  parameter. 

The  results  of  the  slab-tliokness,that  appear  in  table  VI, 
do  not  show  a  significant  lunar  influence.  However,  the  number 
of  data  analised  is  not  enough  to  oonolude  the  non  existence 
of  such  an  effect. 

The  number  of  data  of  hpF2  that  we  have  analysed  is  also 
small  but  the  results  appearing  in  table  VI  show  that  the  second 
lunar  harmonic  is  significant. 

The  time  of  the  maximum  variation  of  te  second  lunar  harmo 
nic  deduced  from  the  results  of  tables  V  and  VI  is  9.9hr.  for 
foF2  when  all  data  are  considered  and  6.1hr,  for  hpF2,  so  that 
the  difference  between  both  is  3.8hr,  Matsushita  (1967)  finds 
that  for  midlatitude  stations  the  maximum  lunar  variation  of 
foF2  occurs  at  about  10hr.,  like  the  value  of  Ebro*  For  hmax 
F2  (equivalent  to  our  hp)  he  finds  that  the  maximum  variation 
takes  place  between  6-7hr*  that  agrees  with  our  re suits* Accor¬ 
ding  to  the  same  author,  the  difference  between  the  phases  of 
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Fig.  3.  -  Lunar  harmonics  for  winter  1979. 
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f  oP2  and  hmax?2  for  the  same  station  is  about  3hr, , slightly 
lower  than  the  value  found  for  Ebro.  Handa  (1978)  finds  at 
two  midlatitude  stations  (Wakkanai  and  KoKubunji)  for  the  time 
of  maximum  variation  respectively  8.9  and  8.5hr*  for  £oF2  and 
5.2  and  3.0hr.  for  hmF2  (although  ht  gives  theBe  last  two  va¬ 
lues  as  not  significant).  The  values  of  Wakkanai  are  a  little 
lower  than  our  results  but  the  difference  between  the  phases 
of  both  parameters  is  similar  to  the  one  found  for  Ebro.  The 
values  of  KoKubunji  are  also  smaller  than  thoBe  of  Ebro  but 
the  difference  of  phases  is  bigger. 

In  fig,  5  the  lunar  variation  of  the  first  four  harmonios 
corresponding  to  all  data  of  1979  of  TEC  and  Nm  are  shown  for 
15  lunar  days  of  different  lunar  ages,  from  new  to  full  moon. 
The  time  of  the  solar  noon  has  been  marked.  As  can  be  seen, the 
variation  is  very  similar  in  both  parameters,  showing  the  maxi 
mum  amplitude  during  solar  day  light  hours,  near  solar  noon.Sin 
oe  the  data  have  been  obtained  through  very  different  methods, 
the  similarity  of  the  results  seems  to  enforce  their  signifi¬ 
cance. 

Pig,  6  corresponds  to  the  variation  of  the  first  four  har<* 
monies  of  Nm  and  hpF2  in  a  representation  similar  to  the  one 
of  fig.  5.  The  4hr.  time  lag (almost  out  of  phase) between  the 
phases  of  the  seoond  harmonic  of  both  parameters  is  apparent. 
The  maximum  amplitude  of  the  hpP2  variation  takes  place  several 
hour b  away  from  the  solar  noon.  This  effect  is  better  seen  in 
fig,  7  where  the  same  variation  is  shown  against  solar  time. 

The  maximum  amplitude  of  hpF2  takes  place  near  and  usually  be¬ 
fore  6hr,,  while  the  maximum  amplitude  of  Nm  remains  between 
about  6hr,  and  a  little  after  noon.  The  maximum  amplitude  of 
the  variation  occurs  at  about  17  hr*  for  Nm  and  about  16hr.  for 
hpF2. 

It  aeems  that  there  is  another  effect  that  appears  in  fig. 
7.  Prom  lOhr.  on,  and  for  about  12  hours  every  day,  the  varia¬ 
tion  of  hpF 2  seems  to  be  in  phase  with  that  of  Nm,  altough  the 
amplitude  is  smaller.  This  effeot  can  be  caused  by  the  relati¬ 
vely  strong  4th  harmonio  of  hpF2  that  is  in  phase  with  the  co¬ 
rresponding  one  of  Nm.  The  fact  that  it  always  begins  at  the 
same  solar  time  indicating  a  solar  control.  Honda  and  Maeda 
(1978)  numerically  calculate  the  lunar  tide  from  the  electro- 


15  lunar  days  of  different  lunar  age  (from  *0  to  *12) 


indicate  the  solar  local  noon. 
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magnetic  drifts  ossociated  with  the  lunar  electric  current  in 
the  dynamo  region.  They  find  that  the  lunar  variation  of  NmF2 
ia  in  phase  with  the  lunar  variation  of  hmP2  during  day  and  ont 
of  phase  during  night.  This  result  is  similar  to  the  one  we 
find  from  fig.  7,  but  the  periodes  of  similar  phase  and  almost 
out  of  phase  we  find  are  not  centered  in  the  day  but  shifted 
a  little  Towards  the  later  hours. 

SEMIMONTHLY  LUNAR  VARIATION, 

The  semimonthly  lunar  variation  of  the  TEC  data  for  every 
solar  hour  have  been  obtained  for  Hamilton  and  Ebro  by  the  pro 
cedure  described  by  Alberca  et  al.  (1980).  The  results  for  the 
two  year's  data  and  for  the  different  seasons  are  shown  in 
figs.  8-11. 

In  general,  at  both  stations,  the  amplitude  increases  in 
the  morning  and  diminishes  in  the  evening,  having  higher  values 
during  day  than  during  night.  Only  in  summer  the  amplitude  of 
Ebro  has  the  minimum  value  at  10  5LT;  in  all  other  cases,  the 
minimum  takes  place  before  6  SLT.  Summer  is  also  the  season 
when  the  amplitude  shows  two  clear  maxima  in  both  stations;  at 
9  SLT  and  18  SLT  in  Hamilton  and  at  2  SLT  and  16  SLT  in  Ebro. 

The  phase  goes  usually  twice  through  zerot  between  8  and  11 
SLT  and  at  the  end  or  the  beginning  of  the  day.  Y/hen  this  pa¬ 
ttern  is  not  followed  (like  at  Hamilton  in  winter  or  at  Ebro 
in  Equinoxes) 9  the  phase  remains  nearly  constant  (near  0  or 
12)  till  abont  8  SLT  when  it  begins  increasing  more  or  less 
regularly  till  the  end  of  the  day. 

The  same  analysis,  has  been  applied  to  the  1979  Ebro  data 
of  TEC,  Nm  and  hpE2.  The  results  are  shown  in  figs, 12-14.  V/e 
are  not  giving  the  results  of. the  seasonal  distribution  of  the 
Nm  and  hpF2  because  of  the  small  number  Of  data  of  such  a  dis¬ 
tribution. 

The  results  of  TEC  are,  of  course,  very  similar  to  the  ones 
obtained  with  2  years  data.  In  summer,  however,  (fig, 13)  both 
maxima  are  delayed;  the  first  one  to  7  SLT  and  the  second  one 
to  16-17  SLT.  Besides,  the  amplitude  of  both  maxima  is  nearly 
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Fig.  8.  -  Solar  variation  of  the  semimonthly  lunar  tide  for  TEC  data 
of  two  years. 
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equal,  so  that  the  similarity  with  Hamilton  results  has  increa. 
sed.  The  phase  in  summer  has  a  sudden  decrease  at  about  12  SIT 
that  does  not  appear  in  other  oases.  Nevertheless,  the  signifi 
cance  of  the  summer  results  is  very  low,  so  that  these  featu¬ 
res  have  to  be  taken  cautiously. 

The  maximum  amplitude  of  the  semimonthly  lunar  variation 
of  Nm  (fig. 14)  occurs  a  little  earlier  than  the  corresponding 
maximum  of  TEC  (fig. 12).  Also  the  minimum,  that  for  the  parame 
ter  Nm  takes  place  at  17-18  LST,  seems  to  have  been  delayed  to 
the  early  hours  of  the  (next)  morning  for  TEC.  Similarly  the 
night  zero  of  the  phase  of  Nm  occurs  at  19  LST  while  the  zero 
of  TEC  occurs  later,  at  24  LST. 

The  variation  of  the  amplitude  of  hpF2,  besides  the  main 
maximum  at  4  SLT  and  the  secondary  one  at  20  SLT  has  a  small 
maximum  al  12  SLT.  The  main  minimum  takes  place  at  15-16  SLT, 
very  near  the  minimum  of  the  amplitude  of  Nm.  These  amplitude 
variations  can  be  seen  also  looking  at  the  changes  of  amplitu 
de  from  one  day  to  another  at  a  fix  solar  time  in  fig.  7. 

The  phase  of  the  semimonthly  lunar  variation  of  hpF2, that 
goes  through  zero  between  6  and? SLT,  has  a  sudden  decrease  bet 
ween  15  and  16  SLT,  just  when  a  increase  in  tfce  slope  of  the 
phase  of  Nm  begins.  Handa  (1978)»  finds  an  amplification  of  the 
semimonthly  lunar  tide  ef  f  oF2  and  hmF2  at  about  2-6hr  In  the 
morning  and  about  18-22hr  in  the  evening  at  Wakanaii.He  finds 
a  similar  amplification  at  KoKubunji  except  for  f®F2  in  the 
morning.  We  find  this  effect  only  in  the  hpF2  variation  and  in 
the  variation  of  the  two  year  TEC  data  of  Ebro  in  summer.  The 
variation  of  the  other  parameters  in  summer  (  even  Nm  and  hpF2 
not  shown  here)  is  similar  t  that,  but  the  morning  maximum  is 
a  little  delayed  with  respect  to  the  results  of  Hands. 


CONCLUSION. 

Taking  the  phase  as  the  time  of  the  maximum  variation, the 
analysis  of  two  year  of  TEC  data  by  the  Chapman-Miller  method 
gives  a  value  of  the  phase  for  the  seoond  harmonic  of  the  dlur 
nal  lunar  tide  that  goes  from  lOhr  in  summer  to  llhr,  in  equi¬ 
noxes  at  Ebro,  and  from  8,5hr  in  winter  to  lOhr  in  summer  at 
Hamilton,  When  the  data  of  the  two  years  are  taken  together 
the  phase  is  lO.Shp.  al  Ebro  and  9.5hr  at  Hamilton,  The  amplitu¬ 
de  of  this  harmonic  is  maximum  in  winter  (2%)  at  Ebro  and  maxJL 
mum  in  equinoxes  (4  c/e  )  at  Hamilton.  The  minimum  amplitude  is 
reached  in  summer  at  Ebro  and  in  winter  at  Hamilton, 

The  Chapman-Miller  method  has  also  been  applied  to  several 
ionospheric  parameters  recorded  at  Ebro  during  1979,  The  phase 
of  the  second  lunar  harmonic  is  10. 3hr  for  NmF2  and  10.9hr.for 
TEC,  The  lunar  variation  of  these  two  parameters, when  the  four 
lunisolar  harmonics  are  considered,  is  very  similar.  This  fact 
seems  ro  reinforce  the  significance  of  the  results.  Both  para 
meters  have  the  maximum  amplitude  of  the  second  lunar  harmonic 
in  equinoxes,  while  the  amplitude  of  this  harmonic  in  summer 
is  too  small  to  be  significant.  The  results  for  foF2  are  also 
very  similar  to  the  results  of  NmF2,  being  the  phase  of  the  s£ 
oond  lunar  harmonic  9,9hr,  The  phase  of  the  seoond  harmonie  of 
hpP2  is  6,lhr,  about  4hr.less  than  the  phase  of  Nm  and  foF2. 

When  the  first  four  lunisolar  harmonics  are  taken  into  conside 
ration,  the  maximum  variation  of  hpF2  takes  place  near  and  usua 
lly  before  6hr,,  while  the  maximum  amplitude  of  Nm  occurs  bet¬ 
ween  about  6hr.  andalittle  after  noon. 

When  we  compare  the  lunisolar  variation  of  ftm  and  hpF2  du¬ 
ring  several  solar  days  of  different  lunar  age,  besides  the 
4hr,  time  lag  between  the  phases  of  the  seoond  harmonics  of  both 
paramo  ter  s,«Mifcev  effect  seems  to  appears  for  about  half  a  day 
beginning  at  1000  SLT  the  variation  of  both  parameters  seems  to 
be  in  phase.  The  number  of  data  is  so  small  that  we  oannot  say 
wether  this  is  a  real  effect  oaused  by  the  different  response 
of  the  ionosphere  between  day  and  night  or  wether  it  is  only 
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the  result  of  the  anomalously  high  amplitude  of  the  4th  lunar 
harmonic  of  hpF2  in  phase  with  the  4th  harmonio  of  Nm. 

She 'slab- thickness'  of  the  ionosphere  does  not  seem  to  hare 
a  clear  lunar  tide.  Nevertheless  the  number  of  data  used  in 
this  analysis  is  not  enough  to  oonsider  this  conclusion  as  a 
final  one. 

The  semimonthly  lunar  variation  of  TEC  in  Ebro  and  Hamil¬ 
ton  shows  a  dear  dependence  of  the  Bolar  time.  The  same  thing 
happens  to  the  NmF2  and  hpF2,  In  general  the  amplitude  increa¬ 
ses  during  the  morjiing  and  decreases  during  the  evening.  Only 
hpF2  always,  and  the  other  parameters  in  summer,  present  two 
maxima  with  a  secondary  minimum  near  noon.  The  minimum  of  the 
amplitude  of  TEC  occurs  at  the  first  hours  of  the  day  while 
for  Nm  and  hpF2  it  takes  place  respectively  at  17  SLT  and  15 
SIT.  The  phase  goes  usually  twice  through  zero,  except  for 
hpP2,  One  zero  of  the  phase  occurs  between  8  and  12  SLT  while 
the  other  one  takes  place  near  midnight.  The  zero  of  the  pha¬ 
se  of  hpF2  occurs  at  7  SLT. 

The  probable  errors  of  the  different  harmonics  are  not 
low  enough  to  give  more  detailed  accurate  conclusions.  It  se¬ 
ems  that  a  previous  filtering  of  data  is  needed  i^brder  to  eli¬ 
minate  anomalous  values  without  masking  the  small  real  lunar  ya 
riation,and  this  probably  requires  a  bigger  ammount  of  initial 
data. 
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